Investigations on femtosecond laser micromachining of single crystal superalloys with and without plasma-sprayed thermal barrier coatings were conducted under laser fluences ranging from 0.1 J/cm 2 up to 160 J/cm 2 . Micromachining was carried out in air using a titanium:sapphire laser system ( = 780 nm) operating at a repetition rate of 1 kHz and delivering individual pulses of ~150 fs duration. The ablation threshold of the single crystal superalloy was determined as 203 ± 20 mJ/cm 2 . Laser-induced damage was examined by means of scanning electron microscopy and transmission electron microscopy. These studies indicate a complete absence of any melting, recast layers, heat-affected zones or microcracks in the vicinity of the machining area. The only form of damage observed in the single crystal superalloy machined near or above the ablation threshold was a laser-induced plastically deformed layer with a maximum extent of ~5 m. Machining through ceramic thermal barrier coatings on a superalloy produced no delamination along the superalloy/coating interfaces or cracks within the TBC or bond coat. The residual roughness of the machined surface was in the sub-micron range. The present study suggests that femtosecond laser micromachining is a very promising technique for production of finescale features in multi-layer material systems for aerospace and power generation components.
Introduction
Multiple generations of single crystal superalloys and coatings have substantially contributed to the continuous improvement in the temperature capability of aircraft and power generation turbine engines. Metal surface temperatures of hot-section components in advanced turbine-engines have approached ~1150 o C [1] with the use of single crystals and thermal barrier coatings (TBCs) in conjunction with cooling technologies. These advances in performance have required the development of sophisticated processing approaches, including Bridgman growth of single crystals [2] , plasma spraying or electron beam physical vapor deposition (EBPVD) of bond coats and ziconia-based TBCs [3] and an array of machining processes.
Complex cooling schemes are designed into hot-section components such as turbine blades, combustion liners and nozzle guide vanes. Cooling holes control heat transfer and promote the passage of the coolant over the surfaces of these components. Modern aircraft engines contain up to 100,000 such cooling holes [4] , which apparently are processed with a significant production time and labor cost. Challenges in conventional machining include mechanical tool wear and difficulty with drilling at high angles of incidence for hard ceramics and superalloys. The application of electrical discharge machining (EDM) technology is limited to conductive materials, and ceramic-based TBC-coated components can not be machined in this manner. Other processing techniques, such as electrochemical machining (ECM), electron beam machining or microcutting are challengeing for ceramics and alloys and suffer from high cost of tools and consumables and long production time. In the last two decades, laser machining has become competitive with some of the above-mentioned techniques. Conventional nanosecond lasers have been accepted as an economical processing approach for drilling thousands of closely spaced holes in aero-engine components with high production rates and reproducibility [5] . For example, at Singapore in 1990, about 12% of all industrial lasers were used for drilling holes for components in the aerospace industry [6] .
Laser machining is a contact-free processing technique which utilizes a focused laser beam with high power intensity to remove material by either vaporization and/or melt ejection [5] . It is particularly suitable for machining hard and brittle materials, and thus has been applied to drill cooling holes in TBC-coated superalloys, including both the ceramic layer and metallic layers. However, laser-drilled holes in aero-engine components must comply with strict quality standards for in-service use. Conventional nanosecond (10 -9 s) and picosecond (10 -12 s) laser systems produce distinct heat-affected zones and recast layers, since there is enough time for a thermal pulse to propagate into the material [7, 8, 9] . Therefore, a number of processing defects are encounted including spatter, remelted layers, microcracking, tapering of the drilled hole as well as the delamination of interfaces in the case of TBCs [4, 5, 10, 11, 12] . Laser-induced cracking in TBC-coated superalloys has been observed at both the bond coat/substrate and bond coat/TBC (top coat) interfaces [13, 14] . Previous parametric studies revealed that the quality of drilled holes depends on material properties and the optimization of laser processing parameters, such as laser fluence, pulse duration, pulse repetition rate and pulse shape [4, 12, 15] . However, the above-mentioned processing defects are inherent to these laser machining processes. They can not be completely eliminated and therefore potentially reduce the component life. The removal of these defects through additional finishing processes results in additional production time and labor cost.
The development of the chirped pulse amplification (CPA) technique in the mid-1980s [16] has recently led to commercial availability of powerful and reliable femtosecond (10 -15 s) laser systems. They open new possibilities for high quality material machining. Due to the ultrashort pulse duration (~100 fs), which is less than the heat diffusion time (~10 ps), the material removal process is a direct solid-vapor (or solid-plasma) transition with a negligible heat-affected zone. Thus, any collateral damage to the surrounding machined area is minimized [7] . Consequently, the process efficiency is much higher compared to conventional laser systems due to minimized energy loss into the bulk material and the ablation threshold is reduced [7, 8, 17] . Additionally, femtosecond lasers have the potential to serve as a straightforward processing technique that does not require any additional postprocessing or special gas environment. These lasers allow extremely precise processing of nearly all kinds of solid materials including polymers, semiconductors, glasses, metals, ceramics and composite materials with excellent reproducibility [18] . However, to date, there have been very limited studies on laser drilling of Ni-base single crystal superalloys by femtosecond laser systems.
The objective of the present study is to investigate femtosecond laser micromachining on single-crystal superalloys with and without TBCs. Laser-induced microstructural change and material damage were characterized in detail via scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The results of these studies are compared with previous studies on nanosecond laser machining. The thermal and mechanical effects associated with this laser machining process and the specific advantages of femtosecond laser machining of aero-components are discussed.
Experimental
Two types of materials were used for femtosecond laser micromachining studies: bulk single crystal superalloy and TBC-coated superalloy. Figure 1 illustrates the experimental setup for the laser micromachining. The micromachining experiments were carried out in air using a commercially available Ti:sapphire laser system, emitting a wavelength of 780 nm with a repetition rate of 1 kHz and a pulse duration of 150 fs. The specimens were mounted on a three-axis manual or computer-driven motorized stage. The output beam of the laser system was linearly polarized and further to be circularly polarized via means of a quarter wave plate. The laser beam was focused using a plano-convex or aspheric lens with a focal length of 350 mm or 18.4 mm (selected based on experimental objectives), and directed to a focal point on the specimen surface. The laser energy was varied in the range of 8 nJ to 775 J per pulse using neutral density filters, which were placed in the laser beam path prior to the focal lens. The number of laser pulse exposures was controlled using a fast acting shutter.
The microstructural characteristics of areas around the lasermachined regions were investigated using an optical microscope and a Philips/FEI XL30FEG scanning electron microscope (SEM) operated in secondary electron (SE) and back-scattered electron (BSE) imaging modes. The laser-induced deformation substructures were studied via transmission electron microscopy (TEM). TEM specimens were sectioned normal to the <001> solidification direction from the heat-treated alloy MK-4 and mechanically thinned to ~100 m in thickness, followed by twinjet electro-polishing in a solution of 10% perchloric acid, 9% distilled water, 13% butyl cellusolve and 68% methanol at -40 o C and 20 V. For detailed studies on damage development, thinned TEM foils were then mounted in a three-axis computer-driven stage and machined by the femtosecond laser over a 2 mm x 2 mm area using different laser fluences, producing a grid of lasermachined holes with a spacing of ~25 m. Each hole was drilled by scanning the sample through the focal point of the laser beam at a speed of 2 mm/s, resulting in 50-200 pulses incident on the surface at a fluence above the ablation threshold. The focused spot size of the laser beam was 3-5 m in diameter on the foil surface. The TEM investigations were conducted using a JEOL 2010F or a Philips CM12 transmission electron microscope at an accelerating voltage of 200 kV or 120 kV, respectively.
Results

Laser micromachining of bulk single crystal superalloy
The laser ablation experiments were conducted first on the bulk single crystal alloy MK-4. No traces of melted material are apparent. However, nano-scale particles (bright contrast) re-deposited inside and around the spot from the plasma created by the laser radiation. Additionally, a fine scale ripple pattern can be observed at the surface of the spot. Figure  3 (b) shows a machined region after 2000 laser pulse shots at the same fluence in the same sample. More plasma debris appears and partially shields the ' microstructure. There are still no indications of damage in the form of a recast layer (re-solidified material accumulated on the side wall of the hole), microcracking or spatter (re-solidified material on the hole surface) in the vicinity of the hole. These features were confirmed by TEM investigations, described in the next section. After initial investigation, the same sample was subjected to ultrasonic cleaning in methanol for 5 minutes. Figures 3(c) and (d) show the same regions as Figures 3(a) and (b), respectively, after ultrasonic cleaning. The nano-scale particles were not strongly bonded to the substrate and were significantly reduced in density or were completely removed during ultrasonic cleaning. This suggests that the particles are plasma debris and not melted particles impacting the sample surface. However, it was noted that the diameter of the hole at the top was larger than at the bottom, with a taper similar to that observed with conventional laser machining [5] .
Figures 3(e) and (f) show a spot and a hole machined at 2 and 2000 laser shots, respectively, at a fluence of 3.13 J/cm 2 , which is about 16 times the ablation threshold. The general characteristics are similar to those generated at the low fluence shown in Figures  3(a)-(d) , although more plasma debris appears around the holes. The size of the spot/hole caused by the high laser fluence is generally larger. The residual roughness of the hole surface on the laser-machined region is in the sub-micron range.
TEM observations
Laser-induced damage at the scale of individual microstructural features was evaluated by machining pre-fabricated TEM foils. With this approach, no additional processing of the material is necessary after laser micromachining and direct TEM imaging of the as-machined material is possible. Figure 4 (a) is a bright field TEM image close to the <001> zone axis, presenting the typical microstructure of the heat-treated single crystal alloy MK-4 prior to laser micromachining. It consists of cuboidal ' precipitates and a matrix with occasional dislocations, marked by arrows. Such pre-jet-polished TEM foils were micro-machined with the femtosecond laser using a 150 fs pulse. One of machined foils is shown in Figure 4 (b) as a TEM bright-field image taken at a very low magnification. The large hole at the center of the thin foil was a consequence of the standard jet-polishing foil preparation procedure performed before the machining. The jet-polished hole is surrounded by an array of multiple fine holes, which were each laser-machined with 200 pulses. The size of laser-machined holes generally decreased with the foil thickness with the maximum size being ~5 m in diameter. Figure 5 is a bright-field TEM image showing the typical microstructure near the edge of one laser-machined hole at the right side, which is close to the edge of the TEM jet-polished hole to the left. The laser-machined hole was produced with the laser fluence of 2.33 J/cm 2 , over ten times higher than the ablation threshold of alloy MK-4. Laser-induced plastic deformation was clearly observed and the area adjacent to the edge of the lasermachined hole can be divided into three regions: 1) a ~2 m layer of intensely deformed material; 2) a ~3 m layer with moderate dislocation density; 3) a region where there is limited enhancement of dislocations and the structure is nearly dislocation-free. The dark-contrast nano-scale particles are apparently plasma debris and were observed with decreasing frequency from region1 to region 3. It should be noted that some material in region 1 appears to have been on the verge of being vaporized during processing and remains with the same striated or rippled appearance. These TEM observations of the rippled structures in the single crystal alloy are consistent with SEM observations (Figure 3 ) and were also observed in the zirconia ceramic coating and a variety of other materials [8, 20, 21] .
Selected area electron diffraction (SAD) analyses were conducted in the area adjacent to the laser-machined hole in order to assess the crystalline nature of the remaining material. Figure 6 (a) is a bright-field TEM image of the microstructure in region 1 and the areas for SAD analyses are marked by arrows. Figure 6(b) shows the SAD pattern in the <001> zone axis of the ( + ') matrix including superlattice diffraction spots of the ' phase. It is important to note that it is the same diffraction pattern as observed in regions 2 and 3. There were, however, a few degrees of deviation due to the foil bending. The SAD pattern taken at the hole edge is shown in Figure 6 (c) and again presents the <001> zone-axis diffraction pattern of the phase, which also contained the diffuse superlattice spots of the ' phase. Electron diffraction analyses clearly indicate that the material remaining in region 1 maintained its monocrystalline character with the same crystal structure and orientation as observed in regions 2 and 3. This suggests that no material transformed from monocrystalline to polycrystalline or even became amorphous material during laser processing. These direct observations also clearly indicate that no melting occurred near the ablated region during femtosecond laser processing. The slightly more diffuse ' superlattice diffraction spots shown in Figure 6 (c) may occur for several reasons: 1) the material, including the ( ') phases, was heavily deformed, 2) the material consisted of a higher volume fraction of the phase within the first 400 nm of the machined hole, relative to the base material or 3) some slight preferential vaporization of Al reduced the volume fraction of precipitates.
In region 2, the dislocation density was significantly less compared to region 1 and isolated dislocations along with dense dislocation networks were observed. This indicates that a strong gradient of plastic deformation was induced by laser machining within a region limited to a few microns around the hole. Figure  7 (a) is a higher magnification image of region 2 in Figure 5 , showing the individual dislocations, including segments inside the matrix channels in multiple-slip configurations and some isolated segments inside the ' precipitates. Most dislocations were identified as ½<011> type and they appeared to spread via gliding within the matrix channels. No stacking faults created by shearing of the ' precipitates were observed. Figure 7 (b) is a bright field TEM image taken at the region 2 in another lasermachined hole from the same sample. It shows longer dislocation segments with distinct cusped morphologies and shorter bowedout segments between the cusps. This suggests that these dislocations were pinned of the ' interfaces and underwent glide with the aid of cross-slip within the channels of the matrix [22] . Again, they were identified as ½<011> type dislocations. Laser micromachining of the TBC-coated superalloy Two different types of femtosecond laser micromachining experiments were conducted in a TBC-coated superalloy René N5: (1) machining of the top coat (ceramic layer), (2) machining from the surface of the TBC through the bond coat/superalloy interface. Figure 9 (a) is a SEM image of the plan-view of a YSZ ceramic layer (top coat) in the TBC-coated superalloy, showing four trenches in the ceramic layer machined by a femtosecond laser operating at the fluence of 160 J/cm 2 . From the top view, no cracks, spatter or plasma debris were observed around the trenches. The cross-sectional view of the same TBC-coated sample through the laser-machined trenches is shown in Figure  9 (b). Again there was no obvious laser-induced microcracking or recast layers around these trenches in the ceramic layer. Figure  9 (c) is a SEM image at a higher magnification, presenting the typical microstructure of the trench surface after the femtosecond laser micromachining. It shows the laser-induced sub-micron roughness that is typical of femtosecond machined surfaces in a wide range of materials including metals and glass [8, 21] . The trench was drilled through the top coat/bond coat and bond coat/superalloy interfaces. It should be noted that the machining process did not produce any delimination of the top coat/bond coat or bond coat/superalloy interfaces, even the trench passed through a defect at the bond coat/superalloy interface (marked by an arrow) during laser machining. These interfaces are well known as sites for laser-induced damage via conventional processes, due to high mismatch in thermal expansion coefficients of the different layers of materials in TBC-coated superalloys [23] .
Discussion
Advanced aero-engine hot-section components have evolved to complex, multi-layer material systems containing ceramic, intermetallic and metallic layers, each with significantly different material properties. The material complexity presents a challenge for optimization of airfoil cooling designs, due to the difficulty of casting and machining these features into the airfoil. Laser drilling is among the techniques that are useful for drilling cooling passage features. However, a number of defects are inherently associated with current laser drilling systems. As mentioned previously, these include spatter, recast layer, microcracks and taper of the drilled hole, as well as delamination at the interfaces of dissimilar material layers [4, 5, 10, 11, 12, 13, 14] . These defects affect the metallurgical and geometrical quality and presumably limit the performance of materials. Therefore, advanced laser techniques that minimize damage during machining are desirable.
The physics of laser-material interaction is complex, and depends on laser power, the time of interaction and material properties. Laser-induced material removal involves the following steps: absorption of the laser energy by the material, redistribution of the absorbed energy within the target material, and the ablation of material by evaporation and/or melt ejection [7, 9, 24] . When a laser beam is deposited into the material surface, the free electrons are heated to a very high temperature by absorbing the laser energy. The energy is subsequently transferred to the ions or the lattice and elevates its temperature through electron-lattice coupling. The thermalization time for this coupling to occur is in the range of 1.5-3 ps, increasing with the laser fluence [9] . If the laser pulse is longer than the time period for energy transfer from electron to lattice, the volume of material at the laser focus spot is heated by absorption of the laser energy and subsequent energy transfer to the surrounding material. This heat conduction results in the molten and heat-affected zones. This also results in a relatively small volume of material being heated to the point of vaporization. Thus, with the longer laser pulses, the ablation is always accompanied with the formation of larger heat-affected zones and the appearance of a melted layer. For the ultrafast laser pulse with a high power intensity (~10 13 J/cm 2 in our experiments), the electrons are driven to a very high temperature (far above the vaporization temperature) while the lattice remains unheated during the pulse. If the laser fluence is not far above the ablation threshold, studies in other materials systems have demonstrated that the heat diffusion into the surrounding material is negligible, with the absence of melted material [24] . Therefore, theoretically, high precision machining of aero-engine materials should be possible with femtosecond laser pulses.
One aim of this study was to investigate whether the laser-induced defects during conventional nanosecond laser machining could be avoided by the use of ultrafast laser pulses of high power density. Of particular interest was the development of changes in shape and structure around the laser-machined area. The ablation studies on the bulk single crystal superalloy in the current work indicate that there was no evidence of melting or microcracks after the femtosecond laser machining (Figure 3 and Figure 5 ). Although there was some nano-scale plasma debris around the hole and on the side wall, this was easily removed by the ultrasonic cleaning leaving a residual roughness of the laser-machined surface of less than 1 m. The extent of microstructural degradation was also investigated by TEM on pre-jet-polished TEM foils micromachined by the femtosecond laser for the first time ( Figure 5 ). Electron diffraction analyses using TEM on the area at or close to the edge of the laser-machined hole indicated no loss of single crystal structure or any presence of an amorphous layer ( Figure  6 ). This provides direct proof that no melting occurred and suggests that material removal was completely accomplished by a vaporization process. In the previous studies [12, 25] , recast layers and heat-affected zones within at least 10 m thickness were observed adjacent to the processed zones in copper, Ni-base superalloys and titanium alloys with nanosecond lasers. The direct ablation that occurs with the use of femtosecond lasers is clearly desirable from the point of view of minimizing damage. It should be noted that the holes exhibited some degree of the taper in the current study, but the optimization of laser processing parameters and more sophisticated machining stages could minimize this problem. Further research on this issue is under progress.
In general, laser-induced plastic deformation of the materials may result directly from the laser-induced shock wave or indirectly as a consequence of thermally-induced compressive and tensile stresses. These stresses can drive plastic deformation processes in the vicinity of the process zone. Direct experimental assessment of laser-induced deformation must be conducted using TEM techniques. Luft et al. has performed TEM investigations on single crystal silicon machined by a copper vapor laser (50 ns, 3×10 8 J/cm 2 ) [25] . Laser-induced damages of the silicon included: 1) the multiple recast layers on the side wall of the hole with the pores between the layers, 2) an ~5 m plastically-deformed zone containing multiple-slip dislocations with mainly radial alignment, 3) circumferential cracking between the deformation zone and the defect-free matrix. As mentioned previously, heat diffusion into the adjoining material occurs with such nanosecond pulses. The plastically-deformed region resided within the heataffected zone. The damage zone in the silicon was attributed to tensile stresses that developed in the course of the subsequent cooling process due to local contraction after heat diffusion, resulting in formation of the pores and cracks. For the same laser fluence, the use of the femtosecond laser pulse results in a higher power density (~ 10 15 W/cm 2 ), which is appoximately five orders of magnitude higher than the nanosecond laser (~10 9 -10 10 W/cm 2 ). It is known that higher laser power density increases the mechanical load placed on materials due to high ablation and plasma pressures [26, 27] . In the present study of the single crystal superalloy, a layer of plastically deformed material ~5 m in extent was observed. Given that heat diffusion is minimized by the femtosecond pulse, this zone apparently developed in response to the mechanical shock wave.
In general, debonding between the dissimilar ceramic/ intermetallic and intermetallic/metallic interfaces in TBC systems occurs due to residual stresses in the coating systems, which result from the mismatches in thermal expansion coefficients between the multi-layers during processing or in service. Thermal expansion coefficient measurements in TBC-coated superalloys reveal large expansion mismatches [23] . With rapid heating, these mismatches result in the buildup of thermal stress and interface delamination with conventional lasers [4, 10, 13, 14] . During conventional laser machining of these systems, the re-solidified ceramic layer at the side wall of the hole has been observed overlaying the bond boat and substrate, and has been found recently to have the strong effect on the debonding and crack deflecting [14] . However, this did not occur in the present femtosecond study and this is a further evidence for minimization of heat conduction (Figure 9(d) ). It also suggests that femtosecond lasers may be particularly useful for machining of layered and/or composite structures containing constituents with widely varying properties.
Summary
Investigations on the laser machining of single crystal superalloys with and without TBCs with femtosecond pulses reveal the following observations:
1. The ablation threshold for a second generation single crystal superalloy was 203 ± 20 mJ/cm 2 .
2. The residual roughness of the surface on the laser-machined region is less than 1 m.
3. There was a complete absence of melting, recast layers, heataffected zones or microcracks around the laser-machined region in a bulk single crystal alloy with a laser fluence in the range of 1-15 times the ablation threshold.
4. The plastic deformation induced by the femtosecond laser machining occurred within a limited region up to ~5 m around the process region.
5. There was no recast layer or delamination of the layers of a TBC/bond coat/superalloy system during femtosecond laser machining from the top surface of the TBC into the base superalloy under the investigated conditions.
The present work suggests that femtosecond laser micromachining is a promising technique for the establishing finescale features in multi-layered turbine airfoil and combustor materials that require high quality, high precision material processing, reproducibility with a high production rate and minimal damage.
